This preliminary study evaluates the suitability of a gaze controlled communication system for severely handicapped patients. The system drives a computer by movements of the patient's pupils. The capacity to communicate by producing text on a screen was assessed in 30 patients, 22 traumatic tetraplegics and 8 patients whose handicaps were due to other causes. The rate at which they learned to use the system, and the speed of their word processing were measured. Those tetraplegics who had used other communication systems found the gaze controlled system tiring, and its lack of other peripherals limiting. But its true application seems to be as the sole available interface for the most severely handicapped who can neither move nor speak. Peripherals and improved calibration systems are presently being developed.
Introduction
The developments in emergency medicine that have occurred over the past few decades have meant that the care given to severely injured patients has improved dramatically, 1, 2 but much remains to be done to make the subsequent quality of life for these patients satisfactory. As a consequence, the most severely handicapped patients are totally dependent on their family or some other person for their daily needs. The most severely disabled may not only be suering from lack of mobility, they may also be unable to speak, and hence have lost the ability to communicate. This physical isolation is made worse by a loss of relations with others, leading to a situation that has been called the great internal monologue.
Advances in technology over the past 20 years or so have provided the severely handicapped with systems for controlling their environment. A variety of techniques allow them some degree of independence in managing their daily lives. 3 ± 5 Computers are a fundamental component of rehabilitation systems for those who can no longer write. More recently, control systems using vocal or head movement signals have been used to run the home environment.
For persons with reduced functions of hands and language, the use of gaze command appears to be of great potential interest. Several instruments have already been proposed for this purpose. 6 ± 8 However, no thorough clinical evaluation of these instruments has been performed until now. The present multi-center study was carried out to evaluate a new gaze controlled system in three rehabilitation centers. The goal was to assess the acceptability, reliability and reproducibility of the system when used by the most severely handicapped patients.
Equipment and methods

Equipment
The gaze controlled system includes an eye movement sensor, a designation board and a microcomputer ( Figure 1 ). The eye movement sensor is based upon the Hirschberg principle 9 and determines gaze orientation from the relative position of two images: the re¯exion of a light source over the cornea and the pupil. This technique allows determinations of gaze direction which are absolute, independent from head and reproducible over time. 10 It is less invasive and much more precise (about one degree of visual angle) than some of the techniques used in previous reports. For example, the electro-oculography technique 6, 8 requires skin electrodes to record biopotentials. Its accuracy is limited by drifts of the electrode potentials and various sources of artefact. Greater accuracy allows the selection of a higher number of triggering actions and does signi®cantly improve the eciency of Correspondence: Dr P Thoumie
Spinal Cord (1998) 36, 104 ± 109 the device. That means that one letter of the alphabet can be selected with only one gaze ®xation. If the accuracy is lower (for example four designation areas with the electro-oculographic technique) selecting one character of the alphabet requires several operations, which is more time consuming and also requires more attention from the patient.
In the gaze controlled system, measurements of gaze direction are performed on the image from a near infra-red (880 nm) solid state camera. The automated analysis of the video signal is performed at a rate of 30 Hz by speci®c electronics and a microprocessor. Automated pattern recognition algorithms 11, 12 provide measurements which are free from artefacts encountered in a large number of subjects such as partial masking of the pupil by eye lashes or eye lids and parasitic re¯ections.
An ultrasound sensor is used to measure the distance to the head and control the focus of the image sensor. Two micro-stepping motors control the angular position of two mirrors de®ning the orientation of the eye movement sensor. Once the image of the eye is detected over the sensor, this device automatically tracks the eye to compensate for head movements. When the image of the eye is lost, it automatically scans over an area of 10 6 10 cm to search for the eye, allowing a relative freedom of head movements. The designation board includes a 5 6 6 matrix of designation area, each subtending a visual angle of 4 6 4 degrees ( Figure 2 ) and comprising letters of the alphabet and control keys (space, line advance, erase and print) The codes of the designated areas are sent to the microcomputer via the keyboard input.
Operating principle
Once the head is detected by the ultrasound sensor, the device automatically searches for the eye until it is detected within the viewing ®eld of the camera. The next step is a calibration of the sensor which involves reference measurements obtained while the subject is ®xating ®ve light sources located at dierent locations within the designation board. Thereafter, the device can be used simply be looking at the designation areas. Validation of designations is based on the duration of ®xations. In the present experiments, the threshold for minimum duration of ®xation was set at 300 milliseconds (msec) in order to allow for free scanning of the designation board by the subjects who were not familiar with the speci®c arrangement of letters. (letters which were more frequent in the French alphabet were located in the center of the board). Visual feedback is provided to the user by illuminating the designated area for 300 msec after validation.
Patients
A total of 30 patients (25 men, ®ve women) were recruited at the three evaluation sites and tested between 10 October 1995 and 1 May 1996. The details for each patient are shown in Table 1 . Their average age was 31 years and they had been handicapped for an average of 4 years (range: 3 months ± 27 years). Most of them had cervical medullary lesions which had resulted in total tetraplegia. The other patients had varying degrees of handicap, and each was included in the protocol to Experimental protocol Successful use of the equipment was de®ned as the ability to produce a sentence on the computer screen that contained at least one line of characters freely selected by the patient. A clinical ®le was kept on each patient. The ®le contained the following evaluation parameters: (i) Clinical information on the injuries, motor loss and date of inset; (ii) A record of the learning session showing the number and duration of sessions, plus the success or failure in using the equipment; (iii) A record of the reproducibility of use and the reports of the patient, the care team and the project supervisor on the use of the equipment; (iv) Evaluation of the fatigue resulting from use of the gaze controlled system; (v) An overall assessment of the equipment by comparison with other systems of communication previously used by the patient.
Each group was required to submit a report so as to follow assessment of the interest shown in the equipment, the opportunities for its use for the disabilities concerned, future development paths or other types of patients to be tested.
Results
Overall results
Of the 30 patients included in the trial, 22 learned to produce a sentence of 50 characters at least once.
Failures
The eight patients who did not succeed in using the gaze controlled system included seven tetraplegics [level C4 (one case), C5 (two cases), C6 (two cases), C7 (two cases) and C8 (one case)], and one patient having locked-in syndrome. Failure was declared after an average of four sessions (range: 1 ± 9). The main cause of failure was inability to calibrate the eye (six cases); the others were an inability to correctly position the patient's head (one case) and psychological rejection (one case).
Successes
The 22 patients who succeeded in using the gaze controlled system at least once are listed in Table 1 . The number of sessions required varied from just one (17 cases) to two sessions (three cases), ®ve sessions (one case) and 18 sessions (one case). The patients who succeeded in using the system on the ®rst attempt used the system in an average of seven sessions (range 1 ± 31). Twenty-three subjects reported feeling tired; they speci®cally mentioned the neck muscles (12 cases) or eyes (one case), with a prickling sensation or eye muscle fatigue and ®nally back pain. No one reported a headache. The fatigue appeared on average after 20 + 10 min (range: 10 ± 40 min).
The reproducibility among the 18 patients who successfully completed more than one trial was considered good in 12 cases, average in two cases and poor in four cases. Twelve patients considered the system acceptable and four considered it to be not acceptable. Of the 16 patients who responded, nine considered the system to be convenient, six considered it slow, and one thought it unusable. The testing team (15 responses) considered the apparatus to be simple (12 replies), complex (two replies) and unusable (one reply). Lastly, the judgment of the local project leader on 16 cases was that the apparatus was suitable (eight cases), dicult (six cases), and unsuitable (two cases).
The patients required 1 min 30 s to 30 min (median 6 min) to write 50 characters. Comparison with other equipment showed that they were all preferred to the gaze controlled system. Three patients had been using a controlled system that used head movements for several weeks or months. One found this head controlled system better, one preferred the gaze control, and one considered them equivalent. 
Discussion
Problem summary This study was carried out to assess the feasibility of using the gaze controlled system as an interface for severely handicapped patients. We evaluated their ability to use the system to write a sentence of 50 characters on a monitor screen. The evaluation was done at only three centers because few of the gaze controlled systems are presently available, teams had to be trained, but the results had to be reliable and obtained quickly. Hence, the patients recruited were somewhat similar, which is a positive point for those with medullary damage, but it restricted use of the system by other potential groups. It should also be remembered that the apparatus is still in the prototype stage. This made it dicult to evaluate and compare the system to other systems, most of which have peripheral applications. The gaze controlled system is still limited to word processing using a simple, but uninspiring system. A clinical study was therefore needed to assess the system and identify any future developments indicated by the patients and the healthcare team.
Patient selection
Most (22/30) of the patient who took part in this study had cervical medullary damage. They were selected because the tetraplegic population is one of the greatest users of technological support and communication systems. These patients are young, with a long life expectancy, have no higher function problems, and their need for outside help cannot always be satis®ed. Most of these patients have not been handicapped for long, but this does not alter their capacity to use the equipment. However, as many of them have not completely come to terms with their situation, they may have little or no motivation to continue the experiment beyond the initial stages. Medically, those with tetraplegia have not only lost the use of their arms, which requires a prosthesis like the gaze controlled system, but degenerative disorders may also aect the pupils (myosis or sympathetic paralysis, or dilatation during an attack of autonomic hyperre¯exia). This evaluation allows the assessment of the way these degenerative disorders interfere with the use of the gaze controlled system. This trial was primarily a feasibility test for those patients suering from other disorders. There were too few of them, in some instances, for the ®ndings to be extrapolated to a larger population.
Failures and limiting factors
The main cause of failure with the gaze controlled system was an inability to calibrate the system; this occurred for eight of the subjects, seven of whom had tetraplegia (lesions at C4-C8). There are several possible reasons for this, such as myosis due to the medullary lesion, stress caused by the experiment itself, or environmental problems, particulary lighting. A lighting problem was noted on several occasions, but it cannot be the cause of repeated failure as it can be altered by trying other situations (shading the room, altering the lighting and the position of the ocular keyboard, orientation of the keyboard, or even moving to a new trial site).
In addition to failures due to lack of calibration, other factors limiting the use of the gaze controlled system came to light during the trials. The main one was fatigue, principally of the neck muscles, or a psychological fatigue that usually caused the patient to stop the trial after 20 ± 30 min, regardless of the results they were getting. The muscular component is directly linked to the fact that most of patients did not want to use a head rest.
The psychological problems occurred in several patients. In the short term they led to rejection of the experiment because of the image of the handicapped they sent to the team, particularly for patients who had not completely come to terms with their loss of communication functions. 13 Like other mechanical aids used to control the paraplegic patient's environment, the psychological responses of the patients to the use of the equipment varied. One of the clearest responses during the trial was the notion that the gaze controlled system could make the handicapped person look even more disabled in the eyes of those around him (family, other patients). This poses the problem of the balance between a functional advantage and a psychological disadvantage.
One of the features which contributed to the poor psychological tolerance of the system was the constant need for someone to start the machine, set the patient in position and do the calibration. This dependence, at least during the initial setting up of the apparatus, is linked to the ergonomics of the optical keyboard. The keyboard currently used is placed 30 ± 40 cm from the eyes, which limits the visual ®eld. This is important for system tolerance by patients who want to have a break from using the gaze controlled system after 20 ± 30 min, as it does not really allow them to manage their immediate environment.
The gaze controlled system and other systems of communication Most of the patients who took part in the trials, particularly the tetraplegics, had previously used one or more environment control and/or communication systems, so that they were able to compare the gaze controlled system with them. The resulting evaluation was that, provided the patient could use a keyboard, or a single-lever device (eg, wrist control), or voice control, all these systems were preferred to the gaze controlled system, either because of the ergonomics or because of the better performance.
An alternative to the existing system was considered by those patients with the greatest handicap (tetraplegic individuals with a respiration diculty which prevented communication, locked-in syndrome patients). The gaze controlled system is a real alternative for these patients, particularly because there is no direct link between the patient and the system, such as there is for the Head-master controlled system. But this was tempered by the fact that the other systems were much more functional, because the current gaze controlled system has no peripherals.
The most adept patients were able to produce a sentence of 50 characters in less than 2 min but some other patients who adapted less quickly took 20 ± 30 min. This was generally due to unstable recognition of the ocular movements and fatigue due to the abnormal movements required.
Future prospects
The present study provides useful data on patients with medullary injuries and shows that the system is feasible, but is limited by its lack of reproducibility and capacity for repeated use, compared to other currently available systems, and its tolerance in use. Some other patients with other types of injuries were tested, but several pieces of useful information have emerged. The patients for whom the gaze controlled system will be most useful are those who have no alternative means of communication, particularly those with total loss of movement of all four limbs and the power of speech. This can occur after damage to the central nervous system (locked-in syndrome), or degenerative disorder, such as lateral amyotrophic sclerosis. It might also be of transient use for those with neurological disorders producing this type of loss, such as Guillain -BarreÂ syndrome and tetraplegic patients during the recovery phase. These patients never communicate, and do not speak most of the time except by a system of eye movements based on yes/no responses. Even in its limited con®guration as a word processor, this gaze controlled system may be of use to patients in this extreme condition, as there is no other suitable technology available. But the gaze controlled system does not seem to be able to compete with existing system outside of these extreme situations, unless certain features are improved. The main problem seems to be the reliability of the system, which is due to diculties of calibration and reproducibility. Only two out of three patients with medullary injuries (22/30) seem to be potential users because of calibration problems. These problems can be identi®ed in the ®rst session (17 patients who successfully used an apparatus were calibrated in the ®rst session). But even those initially successful patients ran into problems of system reproducibility. It was considered to be good by 2/3 subjects who succeeded in the ®rst trial, but only by 1/2 patients overall.
The second problem is fatigue, either of the neck muscles or of the eyes. This suggests that the system in its present form is not suitable for prolonged use, or for use outside the home.
The fact that the patient cannot set up the machine by himself also re¯ects a fundamental problem with all systems of communication and environmental control. The gaze controlled system, like other current systems, requires another person for installation and start-up. Improved techniques have been developed recently for the storage and reuse of calibration data and a system that recognizes a look from the patient once he/she is within the camera ®eld.
The last problem is clearly the driving of peripherals: all the existing systems are interfaces that allow the use of systems to control the environment or multimedia systems. Any true comparison with existing systems will depend on these improvements.
Conclusion
The gaze controlled system is a novel technological response to the need for communication by the severely handicapped. The system diers from other existing systems in that there is absolutely no physical contact between the patient and the machine. This preliminary study has revealed the limiting factors to be calibration problems (speci®c to patients with medullary injuries), fatigue during use of the equipment, and poor performance in terms of speed of word processing.
Nevertheless, the system is unmatched in its suitability as a communication tool for the most severely handicapped, for whom there is presently no other suitable system. The very existence of this equipment makes the shortcomings listed above of secondary importance for these patients. The future possibilities of this gaze controlled system should be con®rmed by clinical studies in which they are assessed by the most severely handicapped (patients with high-level tetraplegia, locked-in syndrome, lateral amyotrophic sclerosis, or polyradiculoneuritis). The gaze controlled system has not been improved beyond the word processing stage, and could be suitable for re-evaluation by patients with medullary damage, or even less severe handicaps, such as suerers from myopathy or IMC, for whom the equipment may be suitable.
